A serum-free medium formulation -TUD-1 -was developed supporting growth of HUVEC in tissue culture. Special features of the basal medium formulation are highly elevated levels of glutamine and serine as well as the inclusion of N-acetylcysteine and phosphoascorbic acid. The cellular mitogenic needs are satisfied by bFGF, VEGF, EGF and liver growth factor. Further hormone supplementation consists of insulin and hydrocortisone. A protocoll for serum-free passage of HUVEC was established for serum-free long-term cultivation of freshly isolated HUVEC for up to 20 cumulative population doublings without significant differences in final cell density compared to controls cultivated with serum.
Introduction
Studies of human endothelial cells have mainly been accomplished with endothelial cells derived from the umbilical cord vein (HUVEC). The tissue was readily available, and endothelial cells could be easily isolated (Jaffe et al., 1973; Gimbrone et al., 1978) . However, the long-term cultivation of HUVEC was quite demanding and had to be considerably improved by stepwise optimisation of culture conditions (Gospodarowicz et al., 1981; Vlodavsky et al., 1979; Maciag et al., 1981; Knedler and Ham, 1987; Friedl et al., 1989) . For the establishment of a defined culture regimen serum has to be excluded from the medium formulation. Various publications claimed the development of a serum-free medium for vascular EC or even HUVEC (de Groot et al., 1983; Fujii et al., 1983; Hoshi and McKeehan, 1984; Weiss et al., 1990) . However in our hands none of the above cited media was able to promote growth of HUVEC in a long-term cultivation nor could we find further publications where the successfull use of these media had been described. Recently the use of a serum-free medium for vascular EC was published, however with unknown composition of the medium (Gorfien et al., 1993) . The medium promoted serum-free growth of BAEC and allowed survival of HUVEC. Here we describe the use of a serum-free medium for the long-term cultivation of HUVEC with a detailed description of its composition and handling. 
Materials and methods

Materials
Preparation of serum-free medium
The serum-free medium TUD-1 is purchased as a customer's formulation from GIBCO except for those components marked in Table 1 . The medium powder for 1 l of medium is dissolved in 800 ml of water (tissue culture quality), 2.1 g NaHCO 3 are added, the volume adjusted to 1 l and the medium passaged through a sterile filter (0.20 µm). After a control incubation at 37 • C for 3 days the medium is stored at 4 • C until completion with the different supplements. These are prepared as sterile stock solutions (see Table  2 ) and diluted into the basal medium to the final concentration according to Table 1 . The complete medium is stored at 4 • C and shall be used up within 2 weeks. The stock solutions are stored at -20 • C.
Preparation of conditioned medium
Confluent monolayers of HUVEC are cultivated with 0.2 ml TUD-1 cm −2 . After 24 h the medium is aspirated, centrifuged at 800 × g for 5 min and stored at -20 • C. 
Coating of tissue culture flasks
The bottom surface of tissue culture flasks was covered with a solution of 1% [w/v] gelatin in tissue culture grade water for 1 h at room temperature. The culture vessel was once washed with PBS and immediately used.
Isolation and cultivation of HUVEC
Safety guidelines were applied to avoid a potential personnel contamination. All materials and liquids were sterilised. HUVEC were isolated and cultivated as described previously (Friedl et al., 1989) . With serumfree medium cultures are not washed between medium exchanges.
Passaging of serum-free HUVEC cultures
The medium is aspirated and the cell layer once washed with 0.2 ml PBS per cm 2 of culture area. The cell layer is covered by 0.04 ml trypsin/EDTA per cm 2 of culture area, the solution immediately removed again, leaving a thin film of trypsin/EDTA upon the cells for 1-5 min until the cells detach. Trypsinisation is stopped by adding 0.12 ml methylcellulose per cm 2 of culture area. Methylcellulose is essential as a stabilisator for the cells; omission of methylcellulose leads to considerable loss of cells thus unabling expansion of the culture. The cells are carefully suspended, sedimented by centrifugation at 110 × g for 5 min, resuspended in SFM and seeded at a density of 20 000 cells per cm 2 into a gelatinized tissue culture flask. Figure 1 . Growth of HUVEC in TUD-1 and in serum-containing medium. HUVEC were seeded into a 24-well plate at 20 000 cells cm −2 and cultivated with 0.5 ml medium TUD-1 ( * ), respectively serum-containing medium ( ) per well with medium exchange after 2-3 days. At the indicated times cell growth was assayed by the DAPI-test. Each point represents the arithmetic mean of three individual wells; error bars depicts the SEM.
DAPI-test of cell growth
The test was stopped by aspirating the medium, washing once with PBS and adding 500 µl lysis solution (0.02% SDS, 1x SSC). The plate was shaken for 15 min at ambient temperature, 500 µl of DAPI staining solution (2 µg ml −1 DAPI in PBS) were added and the plate was again agitated for 5 min. The DNA-DAPI fluorescence of the cell lysates was measured in a FLUOSTAR (BMG LabTechnologies, Offenburg) fluorescence reader (excitation wavelength 355 nm, emmission wavelength 460 nm, gain setting 30). It was assured that the fluorescence signal gave a linear response to the cell number for the range of 400 to 1 × 10 5 cells.
Results and discussion
Performance of the medium TUD-1
First of all it should be stressed that the below described performance of the presented medium is based on the use of gelatinised tissue culture plastics from selected manufacturers (see the Section Material and Methods, and Friedl et al., 1989) . Figure 1 shows a growth curve for primary HUVEC in either TUD-1 or a previously described medium optimized for the growth of HUVEC (Friedl et al., 1989) . HUVEC grew comparably well in the serum-containing medium and in the serum-free medium TUD-1. A picture Figure 2 . Confluent monolayers of HUVEC in TUD-1 and in serum-containing medium. HUVEC were seeded into tissue-culture flasks and grown to confluence in medium TUD-1 (A) respectively serum-containing medium (B). of confluent HUVEC cultures is shown in Figure 2 ; there is a slight difference in morphology: whereas the serum-containing culture shows a prominent cobblestone pattern, the shape of HUVEC in the medium TUD-1 is a bit more elongated. However the final cell densities are in both cases satisfying: 0.8-1.2 × 10 5 cells cm −2 for the serum-containing medium and 0.8-1.1 × 10 5 cells cm −2 for TUD-1 (see also Figure 3 ). There is no difference in the appearance of typical endothelial markers as von Willebrand factor or Ulex eur. Lectin I (data not shown) indicating comparable differentiation status in both media formulations. Figure 3 compares the long-term cultivation of HUVEC in serum-free TUD-1, respectively, serum-containing medium: obviously the serum-free medium performs as well as the usual medium. Cultivation periods of 51 days are reached with 21, respectively 23, cumulative population doublings in serum-free respectively serum-containing medium. The medium performance does not depend on a single cell donor. We used a great number of different cord preparations during the establishment of the medium. We noticed only two functional differences between normal and serum-free medium. Whereas normal medium allows cultivation of HUVEC even at extremely low seeding densities -50 cells cm −2 -the serum-free cultivation with TUD-1 requires seeding densities of 10 000-20 000 cells cm −2 for long-term cultivation. For individual assays seeding densities may be lowered to 5000 cells cm −2 . Figure 4 shows that supplementation of TUD-1 with conditioned TUD-1 medium improves growth at low cell densities indicating that an essential serum component has not been substituted by the formulation of TUD-1. This component seems to be secreted by HUVEC but the necessary concentrations for growth promoting activity are only achieved at higher cell densities. The other difference concerns the sensitivity of HUVEC cultures against stress. Once the culture has been stressed by some disadvantageous environmental events, TUD-1 is no longer sufficient for vigorous cell growth. For example commercial HUVEC suppliers initiate HUVEC cultures with 4-5 flasks (75 cm 2 ) from just one cord preparation, so they can sell a higher number of lots as primary cultures. This extreme culture expansion excludes use of serum-free TUD-1. However the normal cell preparation starting with one 25 cm −2 flask for the cells of a cord preparation allows satisfying culturing with serumfree TUD-1 as described above. In this context we want to stress that the correct handling of serum-free HUVEC cultures is extremely important and should be done exactly as described here; any 'shortcuts' and 'simplifications' are fatal! Formulation of the basal medium. The medium TUD-1 is a further developement of a previously described medium optimized for the growth of HUVEC with IF as basal medium (Friedl et al., 1989) . The basal medium IF -a 1:1 mixture of Iscove's MDM and Ham's F12 -had already been shown to be useful for the formulation of serum-free media for technical purposes (Jäger V et al., 1988) . The medium composition of TUD-1 is listed in Table 1 . Extraordinary features are the highly elevated levels of glutamin -9 mM -and serine -0.726 mM -as well as the inclusion of acetylcysteine -0.25 mM -and phosphoascorbic acid -1 mM. The latter two components were already described to be beneficial for the sustaining confluent BAEC cultures with an appropriate morphology (Sunada et al., 1993) . The high demand for glutamine and serine could be explained by an highly increased de novo synthesis of nucleotides if one takes into account the considerable secretion of glutamate and glycine by HUVEC (Schrimpf et al., 1994) hinting at metabolic exploitation of glutamine by glutaminamidotransferases and serine by the glycinehydroxymethyltransferase.
